Abstract. In negative electrospray ionization mass spectrometry of 4-nitrobenzyl 4-hydroxybenzoates, a decarboxylation reaction, which was significantly promoted by the presence of a nitro group on the benzyl group, competed with radical elimination reactions. Density functional theory calculations indicated that decarboxylation of deprotonated 4-nitrobenzyl vanillate occurred via a radical route involving homolytic cleavage of the C benzyl -O bond to give a triplet ion-neutral complex, followed by decarboxylative coupling.
Introduction
C oupling reactions provide a versatile method for the generation of new C-C bonds, and have therefore attracted great interest in organic synthesis [1] [2] [3] . However, the gasphase C-C coupling reactions such as methyl and benzyl transfers that occur in tandem mass spectrometry (MS/MS) often cause problems in MS-based structural elucidations, and have therefore attracted much attention [4] [5] [6] [7] . Benzyl cations are relatively stable in the gas phase and are easily formed during MS by fragmentation of benzylated species [8, 9] . Migration of a benzyl cation to a methylene group (especially of an aromatic ring) leads to C-C/C-N coupling reactions [5, 9] . These benzyl transfer reactions are usually observed in positive electrospray ionization (ESI) MS/MS. However, to the best of our knowledge, benzyl transfer in negative ESI-MS/MS, which is widely used to analyze acidic compounds such as phenols, has not been reported in the literature [10, 11] .
In our previous work, a minor ion, produced by decarboxylative coupling via benzyl transfer, was observed in MS/MS of deprotonated benzyl vanillate [12] . In this study, negative ions generated by ESI of nitrobenzyl esters (Scheme 1) are shown to undergo facile decarboxylation under tandem mass spectrometric conditions. The mechanistic pathways were investigated using theoretical calculations, and a novel reaction route involving nitrobenzyl transfer was identified.
Experimental
Compounds 1-6 (Scheme 1) were synthesized by reaction of nitrobenzyl bromide with the appropriate phenolic acid derivatives, using the classic method [13] . Compound Figures 1S and 2S) .
MS experiments were performed using an LCQ advantage ion-trap mass spectrometer equipped with an ESI interface (Thermo-Finnigan LCQ Advantage MAX, ThermoFisher Scientific Inc., San Jose, CA, USA). The ESI(−) source parameters were as follows: capillary temperature, 250°C, ion-spray voltage, 4.5 kV, and nebulizing gas (N 2 ) pressure, 25 psi. The compounds were dissolved in methanol to form dilute solutions (~1 μg mL ) for direct analysis. The MS/MS experiments were conducted by activation of the precursor ion at a normalized collision energy of 28%. Accurate masses were measured using a micrOTOF quadrupole time-of-flight (Q-TOF) mass spectrometer with an ESI ion source.
All calculations were performed using the Gaussian 03 program [15] . The equilibrium geometries of the reactants, products, and transition states were optimized using the density functional theory (DFT) method at the B3LYP/6-31+G(d, p) level. Optimized structures were visualized using Gauss View (ver. 3.09) software. Data on geometries of all structures involved are available in the Supplementary Material. The energies discussed here are the sums of electronic and thermal free energies.
Results and Discussion

Gas-phase decarboxylative coupling reactions were explored by investigating dissociation of the [M−H]
− ions of nitrobenzyl 4-hydroxybenzoate derivatives (compounds 1-7 in Scheme 1) in MS/MS experiments. In the collision-induced dissociation mass spectrum (CID-MS) of a typical [1−H] − (Figure 1a ), the product ions at m/z 287 (1-P1, 4%) and m/z 166 (1-P2, 28%) are formed by the loss of a methyl radical (15 Da) and nitrobenzyl radical (136 Da), respectively, from the precursor ion. The two radical elimination reactions have been well documented in our previous work [12, 16] . The base peak ion (1-P3) at m/z 258 corresponds to the decarboxylation product 4-(4-nitrobenzyl)-2-methoxyphenolate, which undergoes further dissociation to give the fragment ion at m/z 243 (1-P4, 24%) by losing a methyl radical. The elemental compositions of these proposed products were confirmed by accurate mass measurements performed using a high-resolution Q-TOF mass spectrometer (Supplementary Material, Figure 2S and Table 1S ). CID-MS (Figure 1b) Figure 3S) ; the data are summarized in Table 1 . For most of the compounds with a nitro group on the benzene ring, the CO 2 elimination product is the major product in CID-MS, indicating the universality of the reaction pathway. For compounds 1-3, the presence of an electronwithdrawing substituent (e.g., -Cl) on the hydroxybenzoic group inhibits the decarboxylation reaction, whereas an electron-donating substituent (e.g., -OCH 3 ) promotes this reaction pathway. In MS/MS of m-nitrobenzyl vanillate (4), the radical elimination pathways are more favorable than they are in MS/MS of the p-nitrobenzyl isomer (1). Formation of the radical ion at m/z 166 (5-P2, 2-methoxy-4-carboxylatephenoxyl) is the major process for compound 5 because of the ortho effect (Supplementary Material, Scheme 2S). The decarboxylation of deprotonated nitrobenzyl 4-hydroxybenzoates indicates migration of the nitrobenzyl to the benzoate group during CID-MS; the mechanism will be discussed in detail below. − is shown in Figure 2 , and the detailed structures of the relevant species are shown in Figure 3 and in the Supplementary Material ( Figure 4S ).
For a typical reaction, optimization of the transition state geometry from the point with the highest energy along the potential energy surface scans is straightforward. For example, the optimized transition state 1-a-TS3 in path 3 shows a fourmembered ring transfer of the nitrobenzyl moiety to the ipso position of the benzoate group with concomitant loss of CO 2 ; the energy barrier is 215.9 kJ/mol ( Figure 2 ). However, DFT methods fail to identify the transition state geometry along the reaction coordinates in homolytic reactions (e.g., paths 1 and 2) because of difficulties in treating self-interactions of electrons [17, 18] . Radical formation from closed-shell ions via an electronically excited state has been reported [12, [16] [17] [18] . The energy barrier of the homolytic reaction has been estimated by frequency analysis of the transient structure with an electronic excitation energy of~0 eV along the potential energy scanning curve [12, 16] . The energy barriers of methyl radical elimination (path 1) and benzyl radical elimination (path 2) are estimated to be 197.0 kJ/mol (1-a-TS1) and 179.9 kJ/mol (1-a-TS2), respectively ( Figure 2) .
The nitro group has a strong electron-withdrawing effect, and therefore significantly affects the competing dissociation reactions. A comparison of benzyl vanillate (8-a) [12] and nitrobenzyl vanillate (1-a) shows that the presence of a nitro substituent on the benzene ring significantly decreases the electronic excitation energy (3.2 eV for 8-a, 2.9 eV for 1-a) , and the energy barrier to C benzyl -O bond breakage (217.0 kJ/ mol for 8-a, 179.9 kJ/mol for 1-a). Homolytic cleavage of the C benzyl -O bond (path 2) is therefore easier than methyl radical elimination (197.0 kJ/mol, path 1) in the fragmentation of deprotonated nitrobenzyl vanillate, unlike the case for deprotonated benzyl vanillate [12] .
Breakage of the benzyl C13-O12 bond (path 2) in 1-a affords a triplet ion-neutral complex (INC) 1-INC-t, in which the ionic and the neutral species are bonded in a coplanar structure with two hydrogen bonds (C13-H···O11 2.050Å and C13-H···O12 2.075Å, Figure 3 ). The sum of the free energy of the separated 2-methoxy-4-carboxylate-phenoxyl and nitrobenzyl radicals is higher than that of 1-INC-t by 24.7 kJ/mol; this indicates that 1-INC-t is relatively stable. INC is an important intermediate in gasphase chemistry, and various chemical reactions can occur between the two species or in the ionic fragment alone prior to its final separation [6, 8, 17, [19] [20] [21] [22] [23] [24] . In addition to direct separation to Figure 5S ). Breakage of the benzyl C13-O12 bond in deprotonated benzyl vanillate gives the fragment ion 8-P2, and triplet-INC-mediated decarboxylation does not occur in dissociation of deprotonated benzyl vanillate.
The presence of a nitro group does not significantly affect methyl radical elimination (path 1) and the four-membered ring benzyl transfer (path 3). As shown in Figure 2 , the energy barriers of the three paths follow the order 1-a-TS3 (215.9 kJ/ mol) > 1-a-TS1 (197.0 kJ/mol) > 1-a-TS2 (179.9 kJ/mol). This indicates that 1-a preferentially undergoes triplet-INC-mediated radical coupling decarboxylation in the CID process; this is in a good agreement with the experimental results. In the absence of a nitro group, decarboxylation of deprotonated benzyl vanillate only occurs via the unfavorable reaction route (path 3), and gives a minor product ion at m/z 213 (1%) in CID-MS [12] .
Conclusion
In this study, competition between decarboxylation and radical elimination was observed in the gas-phase dissociation of deprotonated nitrobenzyl 4-hydroxybenzoates. DFT calculations indicated that decarboxylation of deprotonated benzyl vanillate occurs via four-membered ring benzyl transfer (path 3), but the presence of a nitro group on the benzyl moiety significantly promotes homolytic cleavage of the C benzyl -O bond to give a relatively stable triplet-INC, which subsequently undergoes a facile decarboxylative coupling reaction. This novel nitrobenzyl transfer reaction explains the facile decarboxylation of deprotonated nitrobenzyl 4-hydroxybenzoates. Further work in this area will be performed in our laboratory.
